Human immunodeficiency virus type 1 (HIV-1) Tat protein, a potent viral transactivator, is implicated in HIV-1 pathogenesis not only by its indispensability for virus replication (23) but also by its capacity to prime quiescent T cells for productive HIV-1 infection (31) and induce apoptosis in uninfected T cells (30, 56, 61) . The mechanism(s) underlying Tat-induced permissivity for productive HIV-1 infection by T-cell line (T)-tropic strains (31) has yet to be revealed. The inefficiency of HIV-1 infection in quiescent T cells may be due to decreased entry of HIV-1, premature termination of reverse transcription, or inefficient integration of HIV-1 provirus into chromosomes (19, 38, 55, 59 ). Tat could directly or indirectly affect multiple steps in the virus life cycle to facilitate HIV-1 infection, considering its pleiotropic biological properties, such as regulation of both viral and cellular gene expression (7, 23, 32, 51, 57, 60) and modulation of growth of various cell types (26-28, 31, 45) , as well as its release from infected cells and its acting on bystander uninfected cells in a paracrine fashion (9, 16, 30, 36, 56, 61, 62) .
In an attempt to elucidate the mechanism(s) underlying Tatenhanced HIV-1 infection, we tested the possibility that Tat facilitates virus entry into target cells by regulating HIV-1 entry receptors. HIV-1 entry requires CD4 as well as other coreceptors, which primarily include chemokine receptors CXCR4 and CCR5 (1, 3, 10, 12, 14, 17) . Macrophage (M)-tropic HIV-1 strains, which infect primary macrophages and lymphocytes, mainly utilize CCR5 as a coreceptor (1, 10, 12, 14) , while T-tropic HIV-1 strains, which infect lymphocytes and T-cell lines, utilize CXCR4 as a coreceptor (3, 17) . Moreover, dualtropic HIV-1 strains, which infect macrophages, lymphocytes, and T-cell lines, utilize both CCR5 and CXCR4 (13) . In addition to CCR5 and CXCR4, other chemokine receptors, such as CCR3, CCR2b, and ChemR1, are also utilized by a restricted subset of M-tropic and dualtropic virus strains (10, 13, 49) . The importance of the expression levels and patterns of these chemokine receptors for HIV-1 infectivity is underscored by the recent findings from in vivo studies that individuals homozygous for defective CCR5 alleles are resistant to primary Mtropic HIV-1 infection and individuals heterozygous for the mutated CCR5 alleles have slower disease progression than those homozygous for normal CCR5 alleles (11, 22, 33, 39, 41, 50) . It has also been shown by in vitro studies that increased cell surface expression of coreceptors correlates with increased infectivity of HIV-1 (1, 3, 8, 10, 12, 14, 17, 25, 44, 47, 58) . Therefore, we examined the effect of Tat on chemokine receptor expression and also tested the possibility that Tat promotes HIV-1 entry. We found that Tat differentially induced CXCR4, CCR5, and CCR3 expression in peripheral blood mononuclear cells (PBMCs) and that the induction of CCR5 and CXCR4 expression correlated with Tat-enhanced infectivity of M-and T-tropic viruses, respectively.
MATERIALS AND METHODS
Cell cultures. PBMCs were isolated from healthy donors by Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient centrifugation and were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml. In most assays (for immunofluorescence staining or single-round infection), cells were seeded into 6-well plates at a density of 10 6 per ml and were cultured for the indicated number of days at 37°C in the presence of Tat protein or phytohemagglutinin (PHA; Sigma Chemical, St. Louis, Mo.). Control cells received the same amount of Tat-dissolving buffer. For antibody blocking experiments, prior to addition to PBMC cultures, Tat protein (100 ng/ml) was incubated at room temperature for 1 h with 1 l of anti-Tat polyclonal rabbit antiserum (National Institutes of Health [NIH] AIDS Reagent Program) or normal rabbit serum, or with 100 l of anti-Tat monoclonal antibody (MAb) supernatant (MAb clone 15.1; NIH AIDS Reagent Program) or control hybridoma supernatant.
Purification of Tat protein. Recombinant Tat protein was purified to greater than 95% homogeneity as described elsewhere (18) , and the protein concentration was determined by amino acid analysis with an Automatic Amino Acid Analyzer (Applied Biosystems). The biological activity of purified Tat was assessed by chloramphenicol acetyltransferase (CAT) assays measuring transactivation of the HIV-1 long terminal repeat (LTR) by Tat in U38 cells stably transfected with the LTR-CAT gene.
Immunofluorescence staining and flow cytometric analysis. Cells were harvested in cold phosphate-buffered saline (PBS) containing 0.1% sodium azide and 1% bovine serum albumin. All subsequent staining procedures were carried out in the above staining buffer at 4°C. For indirect immunofluorescence staining for CXCR4, CCR5, and CCR3, cells were incubated with MAbs to CXCR4 (12G5; NIH AIDS Reagent Program), CCR5 (2D7; Pharmingen, San Diego, Calif.), or CCR3 (7B11; NIH AIDS Reagent Program) for 20 min, washed, and further incubated with a secondary phycoerythrin-labeled anti-mouse immunoglobulin G antibody (Sigma). For double staining of cells for CD14 and CXCR4, CD14 and CCR5, or CD14 and CCR3, cells were incubated with fluorescein isothiocyanate-labeled anti-CD14 MAb (Pharmingen), followed by indirect staining for CXCR4, CCR5, or CCR3. Stained cells were then washed, fixed in 3.7% formaldehyde in PBS, and analyzed on a FACScan flow cytometer (Becton Dickinson, San Jose, Calif.).
Reverse transcriptase PCR (RT-PCR). Two micrograms of total RNA isolated from PBMCs by using TRIzol reagent (Gibco BRL, Grand Island, N.Y.) was primed with oligo(dT) and reverse transcribed into cDNA in a 30-l reaction mixture containing Moloney murine leukemia virus reverse transcriptase (RT; Gibco BRL). A series of increasing amounts of cDNA, 0.5, 1, and 2 l, from the cDNA reaction mixture were subjected to PCR amplification by using AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) in a TRIO-Thermoblock (Biometra) for 30 cycles of denaturing at 94°C for 30 s, annealing at 60°C for 40 s, and extension at 72°C for 1.5 min, followed by a final extension at 72°C for 5 min. The following primers were used: for CXCR4, 5Ј-GTTACCATGGA GGGGATCAG-3Ј and 5Ј-CAGATGAATGTCCACCTCGC-3Ј; for CCR5, 5Ј-GGTGGAACAAGATGGATTAT-3Ј and 5Ј-CATGTGCACAACTCTGACT G-3Ј; for CCR3, 5Ј-TGTGGCTATCCTTCTCTCTTCC-3Ј and 5Ј-AGGCAATT TTCTGCATCTGACC-3Ј; and for ␤-actin, 5Ј-CATCCTCACCCTGAAGTAC C-3Ј and 5Ј-GGTGAGGATCTTCATGAGGT-3Ј.
Single-round infection assays. Reporter recombinant HIV-1 viruses with different envelope (Env) proteins were generated by cotransfection of 2 ϫ 10 6 HeLa cells by the calcium phosphate method with 20 g of an HIV-1 reporter plasmid and 2 g of pSVIIIenv, encoding Env proteins from T-tropic (HXBc2) or M-tropic (ADA or YU2) isolates. We used two kinds of HIV-1 reporter plasmids, a CAT reporter plasmid, pHXB⌬BglCAT, and a green fluorescent protein (GFP) reporter plasmid, pHIVec2GFP, each of which contains an HIV-1 provirus with a deletion in the env gene and a replacement of the nef gene with a CAT or GFP gene. For transfections with the GFP reporter plasmid, pCMVPack, encoding the packaging signals, was also added. The transfected HeLa supernatant containing the recombinant viruses was collected and assayed for RT activity. Equal numbers of RT units of the recombinant viruses were used to infect PBMCs which had been preincubated with a series of increasing concentrations of Tat for 4 days and then washed. Cells were lysed at 48 h postinfection for measurement of CAT activity by thin-layer chromotography, or they were fixed with 3.7% formaldehyde in PBS at day 3, 5, 7 or 9 postinfection for visualization of GFP by fluorescence microscopy or FACScan analysis.
RESULTS
Tat protein induces CXCR4, CCR5, and CCR3 expression in PBMCs. The effects of extracellular Tat on chemokine receptor expression in PBMCs isolated from healthy donors were first examined by RT-PCR. Treatment of primary cultures of PBMCs with Tat (100 ng/ml) for 3 days induced high levels of mRNA expression for CXCR4, CCR5, and CCR3, as demonstrated by semiquantitative RT-PCR (Fig. 1) . Further quantitative analysis by densitometry revealed approximately fivefold induction of CXCR4 and CCR5 mRNA expression and approximately twofold induction of CCR3 mRNA expression. These results indicate that Tat induced chemokine receptor expression at the mRNA level.
To further determine if Tat induces the surface protein expression of these chemokine receptors, we used indirect immunofluorescence and flow cytometric analysis. Consistent with the RT-PCR results, treatment of PBMCs with Tat (100 ng/ml) for up to 4 days led to four-to fivefold induction of CXCR4 ( Fig. 2A ) and CCR5 protein expression ( Time course studies showed that the induction of CXCR4 and CCR5 expression by Tat at 100 ng/ml was detected at day 2, further increased at day 4, sustained until day 8, and decreased to initial pretreatment levels by day 12 (data not shown).
Tat protein differentially induces CXCR4, CCR5, and CCR3 expression on monocytes/macrophages and lymphocytes. In uninfected PBMCs, CXCR4 and CCR5 are expressed mainly on lymphocytes and monocytes (5, 35, 58) . These cell types are major reservoirs for HIV-1 infection, especially monocyte-derived macrophages, which are the primary targets for M-tropic strains isolated at early stages of HIV-1 infection. Therefore, we wanted to determine if Tat differentially induced the chemokine receptors on different leukocyte subsets. Lymphocytes were gated according to their forward and side scatter, and monocytes/macrophages were gated by using CD14 (a marker for monocytes/macrophages) surface labeling. Interestingly, CXCR4 was induced on both lymphocytes and monocytes/ macrophages ( Fig. 2A ), whereas CCR5 ( Fig. 2B ) and CCR3 ( Fig. 2C) were induced on monocytes/macrophages but not on lymphocytes. Furthermore, the induction of CXCR4, CCR5, and CCR3 on monocytes/macrophages was dramatic. After Tat treatment, the proportion of monocytes/macrophages expressing CXCR4 and CCR5 increased from 16.1 to 89.4% and from 19.4 to 81.7%, respectively ( Fig. 2A and B) . The proportion of monocytes/macrophages expressing CCR3 upon Tat treatment increased from 49.9 to 86.3% (Fig. 2C) . The increased surface labeling of CXCR4, CCR5, and CCR3 on monocytes/macrophages was not due to an increased number of monocytes/macrophages in Tat-treated PBMC cultures, since the number of monocytes/macrophages gated in each sample was the same and Tat treatment did not affect the absolute number of monocytes/macrophages in PBMCs (data not shown). The pattern of chemokine receptor induction by Tat protein is distinct from that by PHA. Activation of PBMCs by certain cytokines and mitogens leads to up-regulation of chemokine receptors, including CXCR4 and CCR5 (5, 34, 53) . In order to determine if Tat-induced chemokine receptor expression is similar to other activation-induced expression, we treated PBMCs in parallel with the mitogen PHA and examined chemokine receptor expression. PHA (1 g/ml) induced CXCR4, CCR5, and CCR3 expression in PBMCs, but to a lower extent than Tat ( Fig. 2A through C) . The effects of PHA on chemokine receptor expression on lymphocytes were similar to those of Tat in that both PHA and Tat significantly induced CXCR4, but not CCR5 and CCR3, expression on lymphocytes. However, in contrast to Tat, which dramatically induced the expression of CXCR4, CCR5, and CCR3 on monocytes/macrophages, PHA treatment had no significant effects on CXCR4, CCR5, and CCR3 expression on monocytes/macrophages. The expression of CCR5 and CCR3 was induced by PHA on PBMCs but not on lymphocytes or monocytes/macrophages, suggesting that PHA may induce CCR5 and CCR3 expression on other leukocyte subsets. Taken together, these results indicate that Tat differentially induced the expression of the Ttropic coreceptor (CXCR4) and the M-tropic coreceptors (CCR5 and CCR3), probably through a mechanism distinct from that of PHA.
Tat protein-induced CXCR4 and CCR5 expression is dose dependent. We further determined if Tat-induced chemokine receptor expression was dose dependent. Since CXCR4 and CCR5 are the primary coreceptors for T-and M-tropic HIV-1 strains, respectively, and the overall expression pattern of CCR3, a minor coreceptor for certain M-tropic and dualtropic strains, was similar to that of CCR5, we further examined the expression of CXCR4 and CCR5. Freshly isolated PBMCs were treated with a series of increasing concentrations of Tat (1, 10, 50, 100, 500, and 1,000 ng/ml) for 4 days and then were analyzed for CXCR4 and CCR5 expression. Tat exhibited a dose-response effect of induction of CXCR4 and CCR5 expression in PBMCs, reaching plateaus at around 500 ng/ml (Fig. 3) . When PBMCs were gated on monocytes/macrophages and lymphocytes, respectively, different patterns of CXCR4 and CCR5 induction appeared. For CXCR4, Tat-induced expression was observed on both monocytes/macrophages and lymphocytes, and the induction on monocytes/macrophages was much more dramatic than that on lymphocytes (Fig. 3A) , consistent with the results shown in Fig. 2A . Moreover, on monocytes/macrophages, Tat was able to give rise to approximately 3.5-fold induction at 10 ng/ml and to the highest level of induction (around sevenfold) at 50 ng/ml, whereas on lymphocytes the induction of CXCR4 expression required Tat at higher concentrations (Ͼ10 ng/ml) and reached the highest levels (around fourfold) at 500 ng/ml (Fig. 3A) . For CCR5, Tat-induced expression was observed on monocytes/macrophages but not on lymphocytes (Fig. 3B) , again in agreement with the data shown in Fig. 2B . Induction of CCR5 required lower concentrations of Tat than induction of CXCR4, since Tat at 1 ng/ml caused approximately threefold induction of CCR5 expression on monocytes/macrophages (Fig. 3B) , whereas no induction of CXCR4 expression occurred at this concentration (Fig. 3A) . Overall, monocytes/macrophages were more susceptible to Tat-mediated induction of CXCR4 and CCR5 expression than lymphocytes, and CCR5 was more readily induced than CXCR4. Tat protein-induced CXCR4 and CCR5 expression correlates with Tat-enhanced HIV-1 infectivity. Increased cell surface expression of coreceptors correlates with increased infectivity of HIV-1 (1, 3, 8, 10, 12, 14, 17, 25, 44, 47, 58) . Thus, significant induction of CXCR4 and CCR5 expression by Tat suggests that Tat is able to promote the infectivity of both Tand M-tropic HIV-1 strains. To confirm this, we used a singleround infection assay to evaluate the entry and early-phase infectivity of HIV-1 viruses containing different Env proteins (10, 20) . In the assay, recombinant HIV-1 viruses were generated by cotransfection of HeLa cells with a CAT reporter HIV-1 vector containing an HIV-1 provirus with a deletion in the env gene and a replacement of the nef gene with the CAT gene, as well as with a plasmid expressing Env protein derived from a laboratory-adapted T-tropic isolate (HXBc2) or an M-tropic primary HIV-1 isolate (ADA or YU2). The recombinant viruses were then used at equal numbers of RT units to infect PBMCs which had been cultured with a series of increasing concentrations of Tat (0, 10, 50, 100, 500, and 1,000 ng/ml) for 4 days. At 48 h postinfection, CAT activity in whole-cell lysates was measured to assess the efficiency of the singleround infection. In PBMCs infected with the CAT reporter HIV-1 recombinant viruses containing the T-tropic HXBc2 Env proteins, CAT activity increased in a dose-dependent manner ( Fig. 4A and 5A ). Treatment with Tat at lower concentrations (Ͻ100 ng/ml) resulted in a significant increase in CAT activity. Such an increase was unlikely due to a direct transactivation of HIV-1 LTR by Tat, since direct transactivation of HIV-1 LTR required much higher concentrations (Ն500 ng/ml) of extracellular Tat (references 16 and 31 and data not shown). At 500 ng/ml or higher, Tat could directly transactivate HIV-1 LTR, thus probably contributing to the higher CAT activity observed. Overall, Tat-induced expression of the T-tropic coreceptor CXCR4 correlated with Tat-enhanced infectivity of the T-tropic HIV-1 strain (Fig. 5A) . Similar results were obtained when the CAT reporter HIV-1 recombinant viruses containing the M-tropic (ADA or YU2) Env proteins were used (Fig. 4B and C and 5B). The single-round infection assays with Env proteins from either of the two Mtropic strains gave very similar results. In both assays, a roughly twofold increase in CAT activity was achieved at 10 ng of Tat/ml, and a plateau was reached at 100 ng of Tat/ml. The expression of CCR5 was fully induced at 10 ng of Tat/ml, but the CAT activity, reflecting early-phase infectivity, reached a maximum at 100 ng of Tat/ml (Fig. 5B) , suggesting that Tat also increased HIV-1 infectivity by other mechanisms besides the induction of chemokine receptors.
We further carried out single-round infection assays with GFP reporter recombinant HIV-1 viruses in order to directly examine the proportion of infected cells affected by Tat. Starting from day 3 after infection with GFP reporter viruses containing either the T-tropic (HXBc2) or the M-tropic (YU2) Env proteins, we detected a significant increase in the proportion of GFP-positive cells among Tat U (data not shown). With different cell types, the time required to reach a peak of GFP fluorescence varied. The representative data illustrating the maximum fold increase in the percentage of GFP-positive cells are shown in Fig. 5 . Overall, the Tat-mediated increase in the percentage of GFP-positive cells correlated with Tat-enhanced levels of CAT activity and chemokine receptor (CXCR4 or CCR5) expression. Interestingly, PHA (1 g/ml) was not as potent as Tat in promoting the infectivity of both CAT and GFP reporter HIV-1 recombinant viruses containing the M-tropic Env proteins, but it was quite potent in facilitating the infectivity of recombinant HIV-1 viruses containing the T-tropic Env proteins (data not shown), which correlated with its differential effects on CCR5 and CXCR4 expression in monocytes/macrophages and lymphocytes.
Tat promotes both M-and T-tropic HIV-1 infection in monocytes/macrophages. Tat-mediated enhancement of HIV-1 infection in PBMCs and the dramatic induction by Tat of CXCR4, CCR5, and CCR3 expression on monocytes/macrophages implicate Tat in the promotion of HIV-1 infection in monocytes/macrophages. As demonstrated by single-round infection assays using GFP reporter HIV-1 recombinant viruses, Tat greatly facilitated the infectivity of both M-tropic (Fig. 6A  through D) and T-tropic (Fig. 6E through H) viruses in adherent monocytes/macrophages. Subsequent FACScan analysis of the monocytes/macrophages showed that Tat induced a fourto fivefold increase in the percentage of GFP-positive cells (Fig. 7) . These results indicate an important role of Tat in HIV-1 infection in monocytes/macrophages.
DISCUSSION
In this study, we demonstrated that extracellular Tat protein differentially induced the expression of chemokine receptors CXCR4, CCR5, and CCR3 in primary cultures of PBMCs. CXCR4, a C-X-C chemokine receptor, was induced on both lymphocytes and monocytes/macrophages, whereas CCR5 and CCR3, the C-C chemokine receptors, were induced on monocytes/macrophages but not on lymphocytes. Moreover, monocytes/macrophages were more susceptible to Tat-mediated induction of CXCR4 and CCR5 expression than lymphocytes, and CCR5 was more readily induced than CXCR4. The great susceptibility of monocytes/macrophages to Tat-mediated induction of chemokine receptors and the selective induction of the M-tropic HIV-1 coreceptors CCR5 and CCR3 on monocytes/macrophages are of particular interest, since monocytes/ macrophages are the major target for HIV-1 infection in vivo, especially at early stages of virus infection, and are a primary reservoir for persistent infection (43) .
The induction of CXCR4 and CCR5 expression by Tat was dose dependent. The extracellular Tat used here induced high levels of CXCR4 and CCR5 expression at concentrations well below those required for a direct transactivation as determined by us (unpublished data) and others (16, 31) , suggesting that Tat mediates CXCR4 and CCR5 expression via an indirect pathway. Two different pathways have been described to mediate cellular and viral effects of extracellular Tat (16, 31, 63) . One is through signal transduction and requires lower Tat concentrations; the other is through the direct transactivating effect of Tat and requires higher Tat concentrations. For the signaling pathway, integrin receptors are implicated in mediating extracellular Tat-induced effects (2, 6, 16, 31) , and Tat can stimulate mitogen-activated protein kinases and phosphatidylinositol-specific phospholipase C in PBMCs and Jurkat T-cell lines (31, 63) . Whether Tat regulates CXCR4 and CCR5 expression through intracellular signaling needs further investigation.
Tat protein can modulate the expression of various cytokines, including tumor necrosis factor alpha (TNF-␣), TNF-␤, interleukin 1 (IL-1), IL-2, and IL-6 (7, 28, 51, 57) . Recently, several cytokines have been shown to regulate chemokine receptor expression. For instance, IL-2 up-regulates CXCR4, CCR5, and other C-C chemokine receptors in T lymphocytes (5, 34, 40) , as well as CCR2 in monocytes (52) , and IL-10 induces CCR5, but not CXCR4, in monocytes (53) . Therefore, it is possible that Tat induces the expression of cytokines, which in turn stimulate chemokine receptor expression.
The pattern of chemokine receptor induction by Tat was distinct from that by PHA. PHA stimulation induced the expression of CXCR4, but not CCR5 and CCR3, on lymphocytes, which is similar to the effect of Tat on lymphocytes and is also consistent with results obtained by others (5) . However, in contrast to Tat, which dramatically induced CXCR4, CCR5, and CCR3 expression on monocytes/macrophages, PHA, an activator of monocytes/macrophages (4), had no significant effect on chemokine receptor expression on this cell type. These results suggest that Tat probably induces chemokine receptor expression via a mechanism distinct from that of PHA.
To our best knowledge, Tat is the first virus-encoded protein shown to induce the expression of HIV-1 coreceptors. Other viral proteins, such as envelope glycoprotein gp120, Nef, and Vpu, have been shown to down-regulate CD4 expression in primary monocytes/macrophages and lymphocytes (24, 29, 37) . Tat, in contrast, did not have significant effects on CD4 expression in monocytes/macrophages and lymphocytes (unpublished data). Recent studies demonstrate that the CD4 and CCR5 cell surface concentrations required for efficient infection of M-tropic HIV-1 are interdependent and that the requirement for one is increased when the other is present in a limiting amount (47) . In monocytes/macrophages, CD4 expression is low (21, 42) , and it is further down-regulated in HIV-1-infected individuals (48) . Under those circumstances, changes in coreceptor expression could readily affect the susceptibility of macrophages to HIV-1 infection. Therefore, Tat-mediated induction of coreceptors CXCR4, CCR5, and CCR3 in PBMCs, especially in monocytes/macrophages, could greatly enhance the susceptibility of these cells to HIV-1 infection. This is confirmed by our single-round infection assays using both CAT and GFP reporter HIV-1 recombinant viruses pseudotyped with T-or M-tropic Env proteins. Our results showed that Tat enhanced the early-phase infectivity of T-and M-tropic HIV-1 strains in PBMCs and that such enhancement in T-and Mtropic HIV-1 infectivity correlated with Tat-mediated induction of the expression of CXCR4 and CCR5, respectively. Notably, Tat greatly enhanced the susceptibility of monocytederived macrophages to infection by both M-and T-tropic HIV-1 strains. In our system, the T-tropic HIV-1 virus, which is thought to be unable to infect primary monocytes/macrophages, can infect these cells, in agreement with results from others (54) . Overall, our results suggest that Tat facilitates HIV-1 infection by inducing coreceptors and thus promoting virus entry.
Besides the induction of chemokine receptors, other mechanisms for the Tat-mediated increase in HIV-1 infectivity were also implied by our data. Tat may modulate other cellular activities and therefore facilitate postentry events of HIV-1 infection. In this regard, Tat has been shown to modulate FIG. 6 . Tat promoted the infectivity of the GFP reporter HIV-1 recombinant viruses in monocytes/macrophages. PBMCs were cultured in the absence (A, B, E, and F) or presence (C, D, G, and H) of Tat (100 ng/ml) for 4 days and were infected with GFP reporter HIV-1 viruses containing the M-tropic (YU2) (A through D) or T-tropic (HXBc2) (E through H) Env proteins for 9 days. After removal of the medium, the adherent cells, largely containing monocytes and monocyte-derived macrophages, were washed off nonadherent cells, fixed, and visualized by fluorescence microscopy to detect GFP fluorescence. Shown here are representative pictures depicting phase-contrast (A, C, E, and G) and fluorescence (B, D, F, and H) imaging. Results obtained from cells infected for 5 to 7 days were comparable to these. cytokine expression (7, 51, 57) and increase the activation states of T cells and monocytes (26-28, 31, 45) .
Our findings are relevant to in vivo infection in that the concentrations of Tat effective in inducing chemokine receptor expression in our experiments are within the picomolar range and close to the range of extracellular Tat observed in sera from HIV-1-infected individuals (56) . In fact, Tat is likely to reach even higher levels in lymphoid tissues of HIV-1-infected individuals due to active viral replication (15, 46, 56) . Whether these chemokine receptors are up-regulated in HIV-1-infected individuals has not been well documented. The in vivo situation would be expected to be more complicated than the in vitro situation, in that chemokine receptor expression is regulated by multiple factors, including negative and positive regulators.
In summary, Tat protein induced the expression of HIV-1 primary coreceptors CXCR4 and CCR5 in PBMCs. Such induction in CXCR4 and CCR5 expression correlated with Tatenhanced infectivity of M-and T-tropic HIV-1 strains, respectively. Moreover, Tat-mediated increases in the infectivity of both M-and T-tropic strains in monocytes/macrophages are prominent and of pathological significance, since macrophages are major reservoirs for HIV-1 infection and primary transmission sites to T cells (43) . Our results define a novel role for Tat in HIV-1 pathogenesis. By up-regulating HIV-1 coreceptors and increasing the activation states of T cells and monocytes (26-28, 31, 45) , as well as stimulating viral replication (23), Tat greatly promotes HIV-1 infection. This, together with Tat-induced apoptosis in uninfected T lymphocytes (30, 56, 61) , contributes to CD4 ϩ T-cell loss in AIDS patients. Thus, our findings should contribute to our understanding of the molecular mechanisms of HIV-1 infection and to better design of prophylactic and therapeutic strategies. Anti-Tat agents and vaccines might potentially be effective in interfering with HIV-1 infection.
